Cool-season turfgrasses are frequently subjected to heat and drought stresses during summer months. This study was conducted to determine physiological responses of Kentucky bluegrass (Poa pratensis L.) to drought and heat
Drought preconditioning could improve Kentucky bluegrass tolerance to subsequent heat stress.
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ABBREVIATIONS:
Fv/Fm, photochemical efficiency or chlorophyll fluorescence; w, leaf water potential;~n, osmotic potential;~P' turgor pressure; gs' stomatal conductance; LSD, least significance difference; Pn, canopy photosynthetic rate.
Kentucky bluegrass is a cool-season grass widely used for home lawns and commercial landscapes in temperate climates.
The optimum temperature for shoot growth of cool-season grasses is 15 to 23°C (Beard, 1973) . However, temperatures in the transition zone often approach 30°C or higher during summer months. In conjunction with heat stress, drought often lasts for prolonged periods. Drought or heat stress alone causes a severe decline in turf quality of cool-season grasses (Wehner and Watschke, 1981; Huang et al., 1998a and 1998b) . Physiological changes associated with performance of cool-season grasses in response to drought or heat vary with species or cultivars (Aronson et al., 1987; Howard and Watschke, 1991; Huang et al., 1998a and 1998b) . Drought stress reduced root dry weight, leaf water potential, evapotranspiration, and photochemical efficiency in tall fescue (Festuca arundinacea L.), Kentucky bluegrass, and perennial ryegrass (Lolium perenne L.) (Aronson et al., 1987; Carrow, 1996; Perdomo et al., 1996; Huang et al., 1998a) . Heat stress alone caused reductions in photosynthetic rate, chlorophyll content, cell membrane stability, and carbohydrate accumulation in many species, including creeping bentgrass (Agrostis palustris L.), Kentucky bluegrass, and perennial ryegrass (Wehner and Watschke, 1984; White et al., 1988; Howard and Watschke, 1991; Huang et al., 1998b) .
Heat and drought stresses often occur simultaneously during summer months, limiting plant growth. Simultaneous heat and drought stresses reduced the rates of CO 2 uptake and 02 evolution in bean (Phaseolus vulgaris L.) (Yordanov et al., 1997) ; considerably inhibited leaf growth in sorghum (Sorghum bicolor (L) Moench.) (Kaigama, 1986) ; increased cell membrane permeability of perennial ryegrass (Chen et al., 1988) and reduced leaf water content, water potential and osmotic potential in wheat (Triticum aestivum L.) (Shah, 1992) .
Drought stress also often occurs prior to heat stress in the summer either due to deficit irrigation or insufficient precipitation. Several studies have reported that prior exposure of plants to water deficit (drought preconditioning) reduces osmotic potential and enhances stomatal opening and photosynthetic rate during subsequent drought and, thus, increases plant resistance to the stress (Thomas et al., 1976; Bennett and Sullivan, 1981; Abrams, 1988) . Wehner and Watschke (1981) 
Experiment 2
Growth conditions were the same as described above, ' except the tubes were 40 cm long. Plants in eight containers were well watered (non-preconditioning). Plants in another eight containers were subjected to two cycles of soil drying and rewatering (drought preconditioned) before being exposed to heat stress. When volumetric soil moisture reached about 5 % in each drying period, grasses were rewatered and turf quality was allowed to recover to the same level as the was measured using a vapor pressure osmometer (Wescor, Inc., Logan, UT) after cell sap were expressed from frozen leaves with a hydraulic press. Turgor pressure (~p) was determined by calculating the difference between~w and Stomatal conductance (gs) and transpiration rate were measured using a steady state porometer (Li-1600, Li-Cor Inc., Lincoln, NE). At the end of the experiment, roots were separated from shoots and washed free of soil. Total root length was measured using an image analysis system (Decagon Devices, Inc., Pullman, WA). Root dry weight was determined as described in Exp. 1.
The experiments involved two factors (temperature and soil moisture) arranged in a split-plot design (temperature as main plots and soil moisture as sub-plots) with repeated measurements in four replicates (containers) (Kempthorne, 1952 
RESULTS
Experiment 1
Soil water content in the 0 to 20-and 40 to 60-cm layers decreased rapidly under turf subjected to drought and heat stresses (Fig. 1-1 
Experiment 2
Canopy Pn for both drought-preconditioned and nonpreconditioned plants decreased from their initial levels when they were subjected to heat or DH ( Fig.1-5 ). However, drought-preconditioned turf exposed to heat alone had a higher canopy Pn than non-preconditioned turf starting after 9 d of treatment. No differences in Pn were observed between drought-preconditioned and non-preconditioned plants when exposed to DH and drought stresses. Drought preconditioning had no effect on Fv/Fm during subsequent stress from heat alone or DH ( Fig. 1-6 
DISCUSSION
Heat stress had a more detrimental effect on canopy Pn than drought during the early periods of treatment. However, prolonged periods of drought could be more detrimental than heat stress. The decline in canopy Pn is closely related to turf quality decline under conditions of heat or drought stress (Huang et al., 1998b; Huang and Fry, 1998) . Studies have demonstrated that photosynthesis of plants in general is particularly sensitive to heat stress with increased photoinhibition of photosystem II (Weis and Berry, 1988; Georgieva and Yordanov, 1993) , but is relatively resistant to water deficits (Kaiser, 1987; Cornic and Briantais, 1991) . Drought stress alone did not completely damage the An extensive, deep root system is an important characteristic of drought-resistant plants (Sheffer et al., 1987; Marcum et al., 1995; Carrow, 1996; Huang and Fry, 1998) . Such a root system facilitates water uptake and, in turn, affects plant tolerance to drought and heat. These stresses and their combined influence reduced root growth in the surface soil layer. A strong combined effects of drought and heat on root dry weight was observed, but the reduction was similar to that from heat stress alone. The more severe inhibition of root dry weight by heat stress than drought could have been related to the more significant reduction in Pn during the early periods of treatment. Our results agree with those of Wehner and Watschke (1981) , who also reported drought preconditioning increased heat tolerance of cool-season turfgrasses by observing plant recovery after a 30-min exposure to 47°C. However, our results refuted those of Becwar et ale (1983) , who found that drought did not enhance tolerance to a short-term heat shock (48°C) using excised leaves.
In summary, heat and drought stresses significantly reduced canopy Pn, Fv/Fm, and water uptake, which would result in a decline in turf quality during hot and dry summers. The detrimental effects of the combined stresses were significantly greater than those of either stress alone. However, drought preconditioning increased tolerance of Kentucky bluegrass to subsequent heat stress, which suggested that water deficit or infrequent irrigation during spring could be used to encourage root growth and enhance hardiness to drought or heat stress during summer. -e 0 a.. 
